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Abstract: The evolution of microelectronic technologies is giving constant impulse to advanced
micro-scaled systems which perform complex operations. In fact, the actual micro and
nano Electro-Mechanical Systems (MEMS/NEMS) easily integrate information-gathering and
decision-making electronics together with all sorts of sensors and actuators. Mechanical manipulation
can be obtained through microactuators, taking advantage of magnetostrictive, thermal, piezoelectric
or electrostatic forces. Electrostatic actuation, more precisely the comb-drive approach, is often
employed due to its high versatility and low power consumption. Moreover, the device design and
fabrication process flow can be simplified by compliant mechanisms, avoiding complex elements
and unorthodox materials. A nano-scaled rotary comb drive is herein introduced and obtained using
NEMS technology, with an innovative design which takes advantages of the compliant mechanism
characteristics. A theoretical and numerical study is also introduced to inspect the electro-mechanical
behavior of the device and to describe a new technological procedure for its fabrication.
Keywords: microactuation; nanoactuation; comb drives; flexure hinge; nanofabrication; electron beam
lithography
1. Introduction
The end of the 1960s has witnessed the rise and consolidation of semiconductor fabrication
technologies leading, together with the first microchip developments, to the evolution of increasingly
complex systems able to connect advanced electronics and engineering systems with the physical
world [1]. This process was made possible due to the development of MEMS sensors and actuators,
that are currently an essential part of our daily life, being present in information-communication,
electromechanical, optical, chemical and biological devices [2–5]. Moreover, the scaling phenomenon
from macro- to micro-actuators led to a drastic change in the influence of individual parameters and
opened new perspectives with innovative mechanical designs.
MEMS actuators and sensors are many and different. Micromachined structures movimentation
can be carried out using various approaches: such as magnetostrictive, thermal, piezoelectric or
electrostatic [6]. In this work, attention is given to work-producing actuators, with silicon being the
key material, by an electrical and mechanical point of view. State-of-the-art MEMS devices are often
actuated taking advantage of electrostatic forces between charged surfaces at a distance. Electrostatic
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actuation combines high versatility, fast dynamic response and low power consumption with a
simplified design and a fabrication process flow which is made possible by avoiding complex elements
like coils or cores and unorthodox materials like shape-memory-alloys or piezoelectric ceramics [7].
It exploits the relation of surface to spacing (not volume to spacing), therefore its force is less affected
by scaling [8].
Among all the possible electrostatic actuation techniques, the comb-drive approach is one of the
most employed [9], with different possibilities in terms of out-of-plane [10] or in-plane [11] motion.
Moreover, Compliant mechanisms have been successfully adopted to develop MEMS devices in
order to replace hinges and improve motion properties: the incorporation of the Conjugate Surfaces
Flexure Hinges (CSFH) mechanism into the MEMS technology has opened up new perspectives for a
completely new class of microdevices, characterized by a neutral stable configuration with a stationary
pose, avoiding lubrication due to the absence of mechanical backlash, and easier to actuate [12].
The outcome is not a combination of different layers and sub-parts, the whole device can be made
of a monolithic body of a single material, obtained by a highly simplified fabrication procedure,
being at the same time extremely versatile in terms of integration in complex systems and structures
for different applications, such as compliant 3 D.O.F. microrobots [13–16], micromechanisms [17,18],
micro hinges [19–21] and microgrippers [22–27].
The drastic reduction of complexity made possible by the CSFH principle, together with its
minimization of internal stresses and its robustness in operation, can facilitate the scaling process from a
Micro-Electro-Mechanical System to a Nano-Electro-Mechanical System (NEMS), with new challenges
in terms of mechanical movement, actuation possibilities and applications [28–30]. In this work,
the properties of a NEMS rotary comb-drive nano-scaled actuator is introduced, its design is inspected,
its electro-mechanical behaviour is theoretically and numerically studied and a new technological
procedure for its fabrication is described, making it able to integrate in standard systems as well as
in wearable/flexible systems, polymer substrates or in glass devices, with a variety of applications
in the field of mechanical manipulation, such as nano-surgery, lab-on-chip bimolecular analysis,
or nano-movimentation in space environment.
2. A Nano-Scaled Rotary Comb-Drive Electrostatic Actuator
The presented structure covers a total area of 120 × 75 µm2 and is made of 2 main components,
as depicted in Figure 1:
• A fixed part (red colored), with interdigitated fingers;
• A suspended part (green colored), composed by a mobile rigid body with interdigitated fingers
and a flexure hinge with an anchored part on the left.
The system can be moved by changing the voltage between the static and movable part,
which generates an alteration in the electrostatic forces between the two components, which are
proportional to the capacitance between the two interdigitated structures: the result is a variation of
the gap between the comb fingers and a movement of the rigid suspended body, made possible by the
flexible hinge. Figure 2 shows a 3D sketch of the system.
The actual comb-drive mechanism is 50 × 25 µm2, the smallest size ever presented in literature
(to the best of the authors’ knowledge), and has two arrays of 18,600 nm-wide and 1800 nm-spaced
fingers, with a length which changes from 4 µm up to 9 µm; the first and last finger of each array is
1200 nm-wide. The whole suspended part is able to move due to a 600 nm wide curved beam flexure
hinge, with a circular shape and a radius of 20 µm. The curved beam is considered as a revolute joint,
centered in correspondence of the center of the beam elastic weight.
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Figure 1. Top view of the proposed device.
Figure 2. Three-D sketch of the proposed device.
3. Microelectromechanical Simulation
The response of the comb drive to the application of a voltage on the pads connected to the fixed
and mobile sets of fingers has been simulated in two steps.
Firstly, considering the geometry of the systems, the number of fingers and the dielectric
characteristics of the gap, an elementary force F has been calculated as acting on each one of the






where ε0 is the vacuum permittivity (8.8541 × 10−12 Fm−1), εr is the air relative permittivity (1.00058),
h is the thickness of the finger, g is the radial distance between the movable and fixed finger, and V is
the applied voltage.
Then, a static force analysis has been performed by means of the commercial Finite Elements
Analysis software ANSYS c© (Canonsburg, PA, USA). Polycrystalline silicon has been considered as
structural material, with Young’s modulus equal to 164 GPa and Poisson’s ratio equal to 0.22 [32].
Isotropic material formulation and nonlinearity due to large deflections were also considered. A fixed
support was introduced to simulate the anchor constraint at the flexure end–section.
Actuators 2018, 7, 70 4 of 11
Two different layouts for the comb drives have been considered.
3.1. First Layout
For the first layout, n = 19 fingers, a thickness h = 500 nm and a gap g = 600 nm have been
considered. The forces were calculated for an applied voltage ranging from 1 to 14 V, with steps of 1 V.
Figure 3 shows the generated mesh, composed of 9484 nodes and 7594 elements, and refined in
correspondence to the flexible beam and to the comb-drive fingers.
The rotation of the floating part and the maximum value of the maximum principal stress (MPS),
for increasing values of the applied voltage, are reported in Figure 4. The value of 14 V corresponds a
rotation of 4.85 ◦, close to the maximum rotation permitted by the comb-drive geometry (5◦). This case
is represented in Figure 5, showing the deformed and neutral configurations of the structure and the
stress distribution on the flexure. The maximum MPS value is equal to 66.7 MPa. Yield strength of
polycrystalline silicon is equal to 1.2 GPa [33,34].
Figure 3. First layout: mesh of the floating structure and detail of the comb-drive fingers.

















Figure 4. First layout: maximum values of the MPS and rotation angle of the movable fingers for
increasing values of the applied voltage V.
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Figure 5. First layout: neutral and deformed configurations, and stress distribution on the flexure.
A modal analysis has been performed with ANSYS to evaluate the dynamic performance of
the actuator. The first resonant mode, occurring at 16.5 kHz, corresponds to an out-of-plane motion
characterized by an axis of rotation parallel to the y-axis (see Figure 5). This occurrence is not really
critical for the fingers which are subject locally to a relative translation with no problems for fingers
interference.
The second mode occurs at 18.3 kHz, and it is associated to an in-plane oscillation with an axis of
rotation parallel to the z-axis. This mode corresponds, actually, to the designed working motion for the
mobile fingers and therefore there are no interference problems.
The third and sixth modes, corresponding to out-of plane motions, are characterized by natural
frequencies equal to 41.6 kHz and 149.3 kHz, respectively.
The fourth and fifth modes, occurring at 56.5 kHz and 126.9 kHz, respectively, are attributed
to in-plane motions that could be detrimental because of the possible contact among floating and
anchored fingers. Finally, higher order modes have been neglected because the natural frequencies are
very high.
3.2. Second Layout
After the former simulation, a second case has been studied with a gap g between the fingers
larger than in the first case. In fact, the gap has been increased by the 30%, in order to avoid surface
sticking during the fabrication and the releasing of the device. Furthermore, this could help operational
performances during actuation.
To model the comb drive action in this second layout, the force F has been applied to each one
of the n = 13 fingers. The thickness of the finger h remained 500 nm, as well as the radial distance
between the movable and fixed finger (1.2 µm), while the range of applied voltage spans from 1 to
24 V, with 1 V steps.
Figure 6 reports the generated mesh, composed of 8065 nodes and 6423 elements, and refined in
correspondence to the flexible beam and to the comb drive fingers.
The rotation of the floating part and the maximum value of the maximum principal stress (MPS),
for increasing values of the applied voltage, are reported in Figure 7. The value of 24 V corresponds
to a rotation of 4.88 ◦, close to the maximum rotation permitted by the comb-drive geometry (5◦). As
for the previous layout, the limit case is reported in Figure 8, that shows the deformed and neutral
configurations and the stress distribution. The maximum MPS value is equal to 66.7 MPa.
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Figure 6. Second layout: mesh of the floating structure and detail of the comb-drive fingers.

















Figure 7. Second layout: maximum values of the MPS and rotation angle of the movable fingers for
increasing values of the applied voltage.
Figure 8. Second layout: neutral and deformed configurations, and stress distribution on the flexure.
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As for the first layout, modal analysis has been conducted to calculate the most affecting natural
modes and so the first six natural frequencies have been considered, having, respectively, values equal
to 16.7, 18.6, 40.4, 57.7, 127.1 and 147.9 kHz. The corresponding modes are similar to the ones described
in the previous case.
4. Fabrication
Microelectronic manufacturing technologies, and its constant evolution in time, opened new
possibilities for the fabrication of micro- and nano-scaled electro-mechanical systems, allowing to
obtain a highly complex mechanism through a sequence of iterations of simple steps:
• Deposition/growth of a chosen material on a substrate in form of thin/thick film, using various
kinds of methods, such as Physical or Chemical Vapor Deposition (PVD/CVD), Atomic Layer
Deposition (ALD) and Epitaxy;
• Geometry definition of the latter, usually via lithographic techniques or similar;
• Material patterning, via wet/dry etching procedures.
The result is a device assembled by a composition of different layers overlapped, each shaped
with the corresponding geometry [35,36].
MEMS manufacturing and production, for this kind of devices, usually employs a standard
Silicon-on-Insulator (SOI) stack. For this work, an unconventional material stack is designed,
as sketched in Figure 9.
Figure 9. Three-D sketch of the proposed device.
In particular, the stack is composed by:
• A glass substrate;
• A Ti/W metallic alloy as intermediate sacrificial layer;
• Doped hydrogenated amorphous silicon (a-Si:H) as structural layer: a highly versatile material,
suitable for large-area and low-cost electronic devices, biologically compatible, while monolithically
integrable on rigid or flexible, metallic, dielectric or polymeric substrates [37–42]. It also shows
interesting mechanical features and was chosen to build bridge-like structures and cantilevers
based devices [43].
• Chromium as masking layer for the structure patterning.
The fabrication procedure was carried out as follows:
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• PVD of the sacrificial layer;
• CVD of the amorphous silicon layer;
• Geometry definition on a PVD obtained chromium film by lithographic technique: in particular,
Electron Beam Lithography (EBL) was required, in order to obtain submicrometric resolution,
on an electron-sensible polymeric film [44];
• Structure patterning by Reactive Ion Etching (RIE) technique, with the previously shaped
chromium film as masking layer;
• Structure releasing via isotropic and selective removal of the intermediate layer, in a wet etching
solution. Etch holes in the rigid suspended bodies were considered in order to promote the
under-etching phenomenon and optimize the releasing process.
Figure 10 shows first examples of the nanoscaled rotary comb-drive during its fabrication process.
Since the structure geometries reach the sub-micrometric scale, it was impossible to appropriately
identify and discern all the features of our device with an optical microscope: therefore Scanning
Electron Microscope (SEM) pictures were taken.
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Figure 10. SEM pictures of the nano comb-drive during its fabrication process: top view of the whole
patterned device (a) with a 30◦ tilted enlargement on the comb-drive fingers (b), 45◦ tilted view of
an anchored flexure hinge (c) and fingers (d) released from the glass substrate and suspended.These
images were taken with an accelerating voltage (EHT) of 10kV, 10kV, 2kV and 5kV respectively; a
magnification of 2.63 K X, 8.63 K X, 8.00 K X and 22.81 K X respectively; a working distance of 5.5mm,
10mm, 5.9mm and 10.0mm respectively and a beam current of 10pA
Figure 10. SE pictures of the nano co b-drive during its fabrication process: top vie of the hole
patterned device (a) ith a 30◦ tilted enlargement on the comb-drive fingers (b); 45◦ tilted view
of an anchored flexure hinge (c) and fingers (d) released from the glass substrate and suspended.
These images were taken with an accelerating voltage (EHT) of 10 kV, 10 kV, 2 kV and 5 kV respectively;
a magnification of 2630×, 8630×, 8000× and 2281×, respectively; a working distance of 5.5 mm, 10
m , 5.9 m and 10.0 mm, respectively, a a bea c rre t of 10 pA.
Figure 10a,b show a top view (top left) of the whole device during the structure patterning
phase, with an enlargement on the comb fingers (top right). Figure 10c,d show the crucial parts of the
device suspended and detached from the substrate after the releasing process: the attachment between
the hinge of the actuator and the anchor (bottom left), and the comb-drive fingers (bottom right).
The displayed devices have n-doped a-Si:H, deposited by Plasma Enhanced Chemical Vapour
Deposition (PECVD), as structural layer, with the following parameters:
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• A substrate temperature of 200 ◦C;
• A SiH4 flow of 45 sccm and a PH3 flow of 10 sccm into the process chamber, with a process
pressure of 0.3 Torr;
• A glow discharge with a power density of 25 mW/cm2, for 1 h.
5. Conclusions
This paper has shown the feasibility of a new nano fabrication process to build nano actuators,
based on electrostatic actuation. The construction process has been applied to a rotary comb-drive which
appears promising as a tool for microactuation and micromanipulation. Furthermore, the numerical
simulations gave also encouraging results in terms of operational capability. Two models have been
studied with different characteristics and the results showed that operational capabilities can be
increased by reducing the gap between the fingers and their size, which makes the systems less robust.
Therefore, an optimal design should find a balance of mediation between the two different factors.
The developed actuator seems to be one of the smallest actuators available as state-of-the-art, and this
could lead to new applications, especially in the biomedical field.
Author Contributions: A.V., A.B., M.H., and E.G. were involved in the fabrication and design of the rotary comb
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work and supervised the project.
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